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mecbanism responsive to said ionic load for controlling electrical currents to said at least one 
segmented electrode. 



13. An eledrodialy^s apparatus according to Claim 1 wberein said electric control 
system for nuiintainiDg removal of fiee and combined carbon dioxide in said predetermined 
regions also oon^rises at least one segmented electrode and a control medianism responsive 
to said ionic load for controlling electrical cunmts to said at least one segmented electrode. 

14. A process for removing i<xuzed and/or ionizable substances from a liquid 

containing sudi ionized and/or ionizable substances, &e process comprising tbe 
steps p£ 

providiog an electrodialysis stack including at least a diluting compartment at 
least a concentrating compartment, at least an electrode compartmeat, at least an electrode 
pair, and inlets and outlets for flowirig liquids to or from Ifae stack, said stack finrfher 
comprising one or more subsystems selected from tbe group consisting of. 

a) means internal to said stack aiabling effluent from diluting compartments in said stack to 
flow at least in part tfaroutgh concentrating compartments in said stack in a flow direction 
fliat is substantiaByoppoate to the flow direction in said dilu^ ; 

b) means witfain said stack ^bling effluent from diluting compartments of said stack to 
Sow at least in part ftrougfa at least one electrode compartment of said stacl^ 

c) concentrating coni^artments having ion excbange material juxtaposed to a cation 
^chaiitge membrane and ion exchange material juxtaposed to an anion exchange 
membrane, said i<»i exchange material juxtaposed to said cation exchange membrane 
consistii^ substantially only of cation exchange material and said ion exchange material 
juxtaposed to said anion excfaai^ membrarie consisting substantially only of anion 
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exchange material, fiirflier niieiein said ion exchange material(s) are not integral witfa 
said anion or cation exchange membranes and said ion exchange material(s) are 
pmneaUe to bulk flow of liquid Ifaroi^ said compartments; 

d) means at and/or in at least one edge ofat least one flow path in a concentrating 
compartment spacer for diverting flow at said edge away from said edge; 

e) means at and/or hi at least one edge ofat least one flow paft in a diluting compartmaat 
spacer for diverting flow at said edge aw^ fiom said edge; 

f) intennembrane spacers includmg means therein enabling gases in flow padis in said 
spacers to escq)e from said flow palhs, said means not enabling liquid substantial^ to 

. escape fiom said flow patii; 

g) cfoncentrating compartmaits having flow paths including at least a screen element having 
a sur&ce region, said screm dement comprising an ion-^xchange-fimctionalized region 
substantially otiy in said sur&ce region; 

h) diluting compartments havmg flow paths includii^ at least a screen elem^hav^ 
sur&ce region, said screen element conq)rising ah ion-exchange^functionaKzed region 
substantial^ only in said surface region; 

i) depmdmy-^etemuoing means for deternnnis^ 

VqiCm - Coat), vidiere 9^ is a measure of d» electrical resistance of product of diluting 
compartm^ts in said stack, I is a measure of electrical current applied to said stack, q is a 
measure of flaw rate in said diluting compartments, is a measure of ionized and/or 
iontzaUe species per unit volume in liquid influent to said diluting compartments, Coot is a 
measure of ionized and/or ionizable species per unit volume in liquid effluent from said 
diluting compartments; inflection-determining means for determining any substantial 
inflecti<m in such dep^dency, and stack-operating means for operating said stack at one 
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or more values of I/q(Cm- Cqui) whidi result in values of Sprod greater tban the value of 
Rpiod at sudi inflection; 

j) means for maintaining predetermined removal of silica and/or boric acid in diluting 
compartments of said stack including means for determining ionic load fed to said 
diluting compartments and means responsive to said ionic load controlling said electrical 
current at levels effective to maintain such predetermined removal; 

fc) diluting compartments comprising at least one membrane having a surface texture facing 
at least part of at least one flow path in at least some of said compartments, said sur&ce 
texture causing substantially increased sur&ce area of said membrane compared to a 
similarly configured membrane not having siuface texture; 

1) concentrating compartments comprising at least one membrane having a surface texture 
fadng at least part of at least one flow path in at least some of said compartm^ts, said 
surface texture causing substantially increased surface area of said membrane compared 
to a similarly configured membrane not having surface texture; 

m) diluting compartments comprising at least one membrane having a sur&ce teTcture &cing 
at least part of at least one flow path in at least some of said diluting compartments, said 
surface texture effecttng substantial contact wifli fiie adjacent membrane, said adjacent 
membrane having or not having not having surface texture; 

n) concentrating compartments comprising at least one membrane having a surface texture 
facing at least part of at least one flow path in at least some of said concentrating 
compartments, said surface texture effecting substantial contact with the adjacent 
membrane, said adjacent membrane having or not having not having surface texture; 

o) means for maintaining removal of firee and combined carbon dioxide in predetermined 
regions in diluting compartments of said stack including means for determining ionic load 
fed to said diluting compartments and means responsive to said ionic load controlling said 
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(M^ inoie values of I/q(Cm- CcoO ^ 
BpiQiatsuchinflectioo; 
j) means for manitainingpiedel® 

compartments of said stack inchiding meass for detenni^ 

dilotiqg compartmenls and meaos lespondve to said ionic load controlling said electrical 

; . cuneot at levdseflfective to maintain sudi predetermined removal; 

fc), dilufmg conipartniCTts comprising at least one membrane having a smface texture facing 
at least part of at least one flow path in at least some of said compartments, said sur&ce 
texture causing substEmtiaBy inoeased sur&ce area oif said m^brane compared to a 
similail^ ooifgured ni^biane not having sur^ 

1) concentrating compartments conq;>ri5ing at least one membrane having a surface texture 
fedpg at least part of at least one flow pafli in at least some of said compartments, said 
suiface texture causiiig substantially increased sut&ce area of said membrane compared 
to a similarfy confiigured membrane not havmg surface textu^ 

m) <fihitEQg compartments comprising at least one membrane having a surface texture feeing 
at least part of at least one flow path in at least some of said diluting compartmenls, said 
sur&ce texture ^fectin^ substantial contact wilfa die adjacent membrane, said adjacent 
mendnane having or not having not having surfece texture; 

n) concentrating compartments comprising at least one membrane having a surface texture 
J&cipg at least part of at least oiie flow padi in at least some of said c^ 
compartmraits, said sur&ce t^cture effectmg substantial contact wiA the adjacent 
membrane, said adjacent membrane having or not havii^ not having surface texture; 

o) mesas for maintaining removal of fiee and combined carbon dioxide in predetermined 
regions in diluting compaitmaits of said stack including means for determining ionic load 
led to said dfluting compartments and means r^ponsive to said ionic load controlling said 



SUBSTITUTE SHEET (RULE 26) 



wo 02/14224 PCT/USOl/25226 

electrical cunent at levels efiedtve to maintain such removal in such predetermined 
regions; and, . 
floiving said Uqmd into said stack and app}^ 

15. A process according to Claim 14 further comprising the steps of providing one 
ox more cation exdianpm^hranes and one or more anion exdiange membranes wound 
together in spind form, togetfia foxming one or more spiral diluting compartments. 

16. A process according to Claim 15 further comprising the steps of providii^ 
liquid entrances and exits arranged to ^ect flow of liquid in said one or more spiral diluting 
compartments inward)^ in a spiral or attematively outwardly in a spiral, said process further 
comprising effecting flow of liquid in said compartments inwardly in said spiral alternatively 
outwardly in said spiral. 

17. A process according to Claim 15 flvther comprising die steps of providing one 
or more spiral dilutiiig compartm^ts defining a central axis, said process also providing one 
or more liquid entrances and exits arranged to effect flow of liquid in said one or more spiral 
diluting compaitm^ in a direction paraOel, alternatively anti-parallel^ to said axis, said 
process further comprisii^ periodical^ flowing liquid in said compartmoits parallel, 
altematiyely anti-pai^el, to said axis. 

18. A process according to Gaim 14 flulber comprising the steps of providing 
means for reversii^ electrical current direction through said stack and in which said process 
further comprises reversing dectrical current direction. 
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19. A piocess according to Claim 14 fiirtber cdmpiising the steps of providing 
means for revrasing flow direction in diluting compartments and in ion concentrating 
compartmeiifs and in Triuch said process fiirAer 

diluting compartments and in ion concentrating compartm^. 

20. AprocessaccordingtoCHaim 14 fiuAer comprising^ 

diluting coiqiarfm^ts of said stack ion exdiange material juxtaposed to a cation exchange 
membrane and ion exchange material juxtaposed to an anion exchange membrane, at least 
said ion exdiange material juxtaposed to said anion exchange membrane comprising anion 
exchange material, said anion exdiaoge material in regions adjacent to compattment 
entrances to said compartments being effective to remove firee and combuied (available) 
carbon dio^e from liquid entering said compartments primarily as bicarbonate vA\&a such 
combined caibon dioxide is substantially only bicarbonate, said process furtiier comprismg 
flowflDg liquid into said compartmoits said liquid including but not limited to firee and/or 
combined caibon dioxide, and removing firee and combined caibon dioxide from said liquid. 

21. Apiocessaccordii]@toamml4fiirtfaercony>iisingftestei^ 

least one segm^ited electrode and means responsive to said ionic load fed to said dilutnig 
compartments and in yMdi said process fijrther comprises controlling electrical currents to 
said at least one segmented electrode. 

2Z A piocess according to Oaim 14 fiirther comprising tile steps o£ 
(a) deteraiinmg dependenqr of Rprod on the quantity l/q(cin ~ cw), where Rj^d is a measure of 
the electricd resistance of product of diluting compartments in said stack, I is a measure of 
declrical cunnent ^plied to said stack, q is ia measure of How rate in said diluting 
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compaitm^i^ Cm is a measure of ioiuzed and/or ionizable species per unit volume in liquid 
influx to said dihttitig compartmoiis^ Coot is a measure of ionized and/or ionizable spedes 
per unit volume in liquid efElu^ fidm said diluting compartments; (b) determining say 
substantial inflection in said dependency; and, (c) operating said stack at one or more values 
of ]/q(CiB' Cod) wfaidi resuU in values of Rpiod greater tiian the value oiV^ at sudi 
inflection. 

23. A process according to Claim 14 fiirtfaer comprising flie step of flowing a part 
of die efi9uent from diluting compartments in said stack tfarou^ at least one ofter 
compartmoit wifliin said stack in a flow direction substantially opposite to Ibe flow direction 
in said diluting compartments. 

24. A process according to Claim 14 fintfaer comprising flie steps of establishing a 
piedetennined removal of silica and/or boric add in diluting compartments of said stad^ 
detemainmg die ionic load fed to said diluting compartments, and controlling electrical 
current based on said ionic load at levels eflBective to maintain such predetermined removal of 
silica and/or boiic acid. 

25. A process according to Claim 14 furfter comprising the steps of establishing 
in diluting conq)drtment5 of said stack predetermined regions for removal of free and 
combined carbon dioxide, determintQg the iomc load fed to said dilutiqg compartments, and 
ContioBbg electrical curr^ based on said ionic load at levels effective to maintain removal 
office and combined carbon dioxide within said predetenmned regions. 
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DEVICE AND METHOD FOR ELECTRODIALYSB 

FIELD OF THE INVENTION 

Hiis inveation pertains to improved electrodiafysis ("ED" including "EDR") apparatus 
and systems, including improved filled cell electrodialysis apparatus and systems, and to 
improved processes ^ch uses such ^arotus and systems. (Filled cell ED is also known in 
11iisartaselectrodei(Hiization("EDr). Filled cdlEDR is also known in this art as reversing 
electrodeionization ("EDIR")). 

BACKGROUND OF THE INVENTION 

ED apparatus having a multipliciiy of alternating anion selective and cation selective 
membranes was apparently first described by K Meyer and W. Strauss in 1940 (Helv. Chim. 
A0ta23 (1940) 795-800). The membrane used in this early ED apparatus were poorly ion 
selective. The discovery of ion exdbange ("K^ membranes (e.g., in U.S. Pat No. Re. 
24,865) which had high ion permselectivily^ low electrical resistance and excellent stability 
led rapidly to the invention of ED using such membranes (e.g., in U.S. Pat No. 2,636,852) 
and to the growdi of industries using such q)paratus, for example, for desalting of brackish 
water, concentration of sea water, and deashing of cheese vAiey. During last 40 years 
approximately 5000 ED plants have been installed on a world-wide basis. 

The utihty of ED continues to be limited, however, by several technical &ctors, 
particularly relatively low limiting current doisities and deficiencies in removing poorly 
ionized substances. These limitations and deficiencies of prior art ED systems are discussed 
fijrther below. 
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A linuting Current Density: 

Because die IX membranes used in ED are higjily selective to ions of one s^ or 4ie 
otiier, a substatial fraction of tilie ions passing ^irou^ the membranes must reach the 
membrane walls by difiiision from the ambient solution through laminar flow layers whidi 
dev^op along fte inter&ces between tfie membranes and &e solutions being depleted of ions 
(ftie "dilute or diluting solutions or streams** as ttiey are known in the The maximum rate 
of difiiisioa of ions 1broug|i tiie dSuttng solution occurs when Ifae conc^ation of electrolyte 
at such membrane interfaces is ess^tially zero. The current density corresponding to such 
zero concentration at a membrane inter&ce is referred to in the art as . the lunitmg current 
density. To inonease the limiting currmtdaokaly it is necessary to in^ 
difKision, for example, by reducing flie thickness of the lammar flow layers by flowing die 
ambient solution r^idly by the membrane sur&ces and/or by die use of turbulence 
promoters, and/or by increasing fte temperature. Practical Umiting current densities are 
generally in Ifae ra^ge of 5,000 to 10,000 amperes p^ square meter for each kilogram- 
equivalait of sahs per cubic metw of solution (tiiat is, 0.5 to 1 amperes per square centimeter 
for eadi gram-equivalent of salts per liter). A typical brackish water has a concentration of 
sails of about 0.05 kg-eq/m? (tiiatis about 0.05-eq/l or about 3000 parts per million Cppm**)), 
and therefore has a limitmg current density in die range of about 250 to 500 amperes per nt^ 
(0.025 to 0.05 amperes per cm^. Jn order to maximize the utilization of ED apparatus, it is 
desirable to operate at the hi^est possible cmrent densities. However, as the limiting current 
density is qiproached, it is found diat water is dissociated (Le., **split") into Igrdrogoi ions 
and liydroxide ions at the intei&ces between die (conventional) anion exchange (*'AX!0 
membranes and die diluting streams. The hydrogen ions pass into the diluting streams while 
the iQrdioxide ions pass through die AX membranes and into the adjacent solutions which are 
being oiridhed in ions (flie "concentrate; concmtrated, concentrating or brine solutions or 
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streams" as ^ey are known in the art). Because brackish water may often (X)ntaincalcjiun 
bicarbonate, Ifaeie is also a tenden^ for calcium caibonate to piedpitate at the sur&ces of Ifae 
(conventional) ASL membranes which aie in contact wtb tbe concentrating streams. This 
problem previously has been addressed by several techniques: by chemical or DC softening 
of the feed waters or the conc^trating streams; by adding acid to the feed waters or tiie 
conc^itrating streams (wifti or without decaibonation); by nanofihration C1MP); or, by 
regularly reversing the direction of passage of the electric current thereby changir^ the 
concentrating streams to diluting streams (and the diluting streams to conc^trating streams). 
See, e.g., US. Pat No. 2,863,813. Of die above tedmiques, the most successful process has 
been Ae last mmtioned process, namely reversiiig the dectric current, vMch is referred to in 
the art as "electrodiafysis reversal" C*EDR"). 

The theory of limiting cunr^t in ED shows that in the case of sodium chloride 
solution, for example, the cation exchai^ ("CX!^ membranes should readi their limiting 
current deosiQ^ at values are about 2/3 rds that of Ifae AX membrane Careful 
measurements have shown that such is indeed die case. However, as die limiting current 
desDSitf of (conventional) CX membranes is approached or exceeded, it is found that water is 
not spilt into hydroxide ions and hydrogen ions at flie mter&ces between such CX 
membranes and the diluting streams. The difference in behavior relative to die water splitting 
phenomenon of (conventional) AX and CX membranes at their respective limiting currents 
has been e^qilained in recent years as catalysis of water splitting by weakly basic amines in 
die AX membranes. AX membranes vvhich have only quaternary anGumonium anion exchange 
groups (and no weakly basic groups) initially do not signiGcan% split water as Iheir limiting 
current is s^proadied. Such behavior continues for only several hours, however, after which 
period water splitting begins and increases widi time. It is found that die AX membranes 
dien contain some weakly basic groiq>s which have resulted from hydrol^s of quaternary 
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ammomum groups. It is concluded that splitting of water at conventionai AX membranes at 
or 0^ Iheir Umitipg currwt densities is an unfortunate ph^omenon vMch is unavoidable 
for practical pmposes. 

The existi^ce of limiting current in ED also means Hmtin dilute solutions the limiting 

current densities are rdativefy veiy low. For example, at a concentration of salts of about 

if 

O.OOS kg-eqAn.^ (that is about 0.005 g-eq/l or about 300 ppm, a concentration ^ical of 
drinking water), the limiting current density is in the range of from about 25 to SO amperes 
per m} (0.0025 to 0.005 amp^es per cm.^), i*6 » die transfer of salts per unit area per unit 
time is very low (e.g,» 50 to 1 00 grams of salt p^ hour per square meter). Tliis problem seems 
first to have been addressed by W. Walters et aL in 1955 (Itid. Eng. Chem. 47 (1955) 61-67) 
by filling the diluting stream compartmmts in an ED stack (i.e. , a series of AX and CX 
membranes) widi a mixture of strong base and strong acid ion exchange (IX) granules. Since 
fliea many patents have issued onUds subject, among Ifaem U.S. Pat Nos. 3,149,061; 
3,291,713; 4,632,745; 5,026,465; 5,066,375; 5,120,416; and 5,?03,976, which patents are 
incorporated herein by reference. Two modes of operation using such fiUed-cell ED (known 
as EDI) have been identified, in the first mode, the JX granules serve as extensions of the 
membiaoesm&ce area thereby great^ increasing the limiting curr^ hidiesecond 
mode, a current density is applied which is veiy much greater than the limiting current 
density even with 4ie presence of the IX granules. Under these circumstances, Ihe rate of 
water splitting at membrane-dilutii^ stream interfaces is very high, and the K granules are 
predommaotly in die strong base and strong add forms respectively. The ^paratus in this 
mode is flierefoi^ best described as operating as continuously electrofyticaUy regenerated 
(mixed bed) ion exchange. An intermediate mode may also be identified in whidi there is 
some water splitting but &e JX granules are not predominantly in the strong base and strong 
add fi)nns respectively. 
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Most fiUed-^dd ED (that is, EDI) ^ems operate in ho± modes, e.g., (1) in tbe same 
ED cdl, die first mode near tiie aitiance to tiie cell and tbe second mo de near tiie exi^ (2) in 
cdls in flow s^es between a sin^e pair of electrodes; or, (3) in separate stacks in flow 
series (each stack with its own pair of electrodes). Filled-cell ED is used to replace reverse 
osmosis or ccmv^onal, diemically regenerated DC systems, e.g., a strong acid CX column 
followed by a weaUy basic AX column or, at least in part, a mixed bed K colimm. In either 
of the latter cases, flie CX and AX granules are diemically regenerated separate^, e.g., with 
aqueous acidic solutions of sulfimc acid or hydrochloric acid and aqueous basic solutions of 
sodium hydroxide respectively. Precipitates of calcium carbonate calcium sul&te and 
in^gnesiumhydroidde are therd>y not obtained. Tbe columns of fine granules are e£fective 
filters for colloid matter which is rinsed off the granules during the chemical reg^eration. 
In contrast in the case of EDI, aay calcium, bicarbonate and/or sulfete removed from the 
diluting stream occurs in a hi^er concentration in the concentrating stream, particularly 
when it is desired to achieve hi£}i recoveries of die diluting stream (which is tibe usual case). 
Sudi higher concentrations fi^equentfy result in precipitation in die concentrating stream. 
Furdiermore, it is inconvenient (though technically possible) to back-wash the DC granules in 
a filled-ceU ED apparatus thereby removing sasy colloidal matter which may have been 
filt^edout 

These problems with EDI are general^ solved by pretreatment processes, for 
example: (1) regeoerable cation exdiange for softening followed by regenerable anion 
exdiange absorbmts for colloid removal and/or bicarbonate removal; (2) ultrafiltration or 
microfiltration for colloid removal followed by EDRfor sofienit^ and partial 
demineralization; or, (3) uhrafiltration or microfiltration for colloid removal followed by 
nanofiltratiim for softening or reverse osmosis for softening and partial demmeralization. 
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As pointed out above, fQled-cell ED is used to replace, at least in pdi% a mixed bed K 
columa The latter, however, generally produces water having an electrical reastance of 
about 18 meg ohm-cm and silica concmtrations near the present limits of detection. Sudi 
high perforaiance by filled-cell ED (EDI) has been difficult to achieve until now. 

B. Removal of Pooriy Ionized Substances: 

H> (inchidfflg EDR) is used in many plants to deash cheese \^ey. Generally the 
natural whey is first concraitrated to the range of 20 to 25 percent solids by weight The 
curr^t density (Aat is, fiie rate of removal of ash per unit area of membrane per unit tune) 
during ED (or EDR) of such concentrated wh^r remains relatively high until about SO to 60 
p^cent of the ash is removed. The remaining ash behaves as if it is pooriy ionized, peiiiaps 
associated or complexed with protein in the whey. An important market for deashed whey 
requires 90 percent or higher deashing. To deash from about a 40 percent ash level to a 10 
percmit ash level using ED (including EDR) may require much more apparatus contact time 
than to deash from 1 00 percmt to 40 percait ash. This problem may be addressed by the 
more or less continuous addition of acid to the wiiey during deashing from 40 to 10 percent 
a^, the acid apparently fieemg fbe ash from the protda However, sudi added add is 
rapidfy r^oved by ED (induding EDR), and tiie resutting high quantities of add requhed to 
complete tiiis process are therefore undesirable. The problem has also been addressed by 
removing about the first 60 percent of the whey ash using ED (including EDR) and removing 
most of tile remaining 40 percent by ion exdumge. The ion exdiange apparatus for this 
application generally consists of a column of strong add CX granules followed by a column 
of weak base AX granules. Considerable quantities of acid and base are required in fliis 
proG^ to r^enerate tiie K granules. 
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As discussed abov6» electrodeionizatioii (EDI) using filled ED cells is a very useful 
process for removing ttte last traces of ionic contaminants firom water, but it could be 
significandb|r improved. These desired inq)rovemeD]s include: 

1) Improved product puxity. llie sources ofimpurities in EDI qrstems include but are 
not limited to: 

(a) Back dififiision and electromigration of ionic contaminants Hu'ougli the ion 
exdiange membranes driven by concentration differencesand electric fields; 

(b) Back diffiision of neutral weaUy ionized species ifarou^ polarized membranes; 
and, 

(c) Electrodiaiysis of contaminant ions from membranes into the product water in &e 
dilute stream manifolds. 

2) Simplification of Ae equipment and controls needed to run traditional EDI. Today 
these EDI subsystems include brine recirculation, brine and electrolyte pH and 
conductivity control Simplification should include lowering of equipment costs, 
reducing required operator expertise and shortening the time required for n^ 

and adjusting equipment 

3) Reduction of the electric power consumption used for the EDI stack and pumps. 

4) Improved resistance to scale formation in the concentrate streams. 

5) Need for less pretreatmentoffliewat^ before EDL 

6) Improved product water quality without sacrificing product water recovery. 

7) Ability to operate intermittent^ and to produce excellent product immediately upon 
sfartiq). 

8) Ability to operate wiffa elevated sohition ddivery pressure thereby eliminating tiie 
need for a transfer pump. 
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9) Ability to leliabfy operate wi&out external leaks and without external salt build up. 

Mos^ if not all, of ifae above limitations and deficiencies of conventional EDI 
systems are eidier overcome or at least sigmficanHy improved upon by &e improved 
apparatus and methods for electFodia^^ according to the present inv^tioa Other 
objects and advantages of ftie present invention will in pact be obvious and will in part 
appear hodnafier. The invention according^ comprises, but is not limited to, die 
apparatus and related methods, involving the several steps and the various components, 
and fte relation and order of one or more such steps and components with respect to each 
of file others, as exemplified by the foUowiog description and 1be accompanying drawii]@s. 
Various modifications of and variations on tiie apparatus and mefliods as herein described 
wiU be apparent to those skilled inlfae art, and all such modifications and variations are 
considered within tiie scope of the invention. 

SUM MARY OF THE INVENTION 

In accordance wifli a first embodiment of the present invention, one means of 
achieving tiie desired improvements is to use the product of the EDI unit as the feed to the 
CQacentraie stream and electrode stream compartments, and to flow the conc^itrate and 
electrode streams of the EDI unit in a flow <firection substantial^ opposite that of ibe product 
stream in a singje pass. This can be accomplished in a preferred embodiment by configuring 
the ^paratos sudi that the product outlet manifold (refersnce numeral 3 as shown in Figure 
1 A) serves as Ae inlet manifold for the concentrate stream (in concentrating compartm^ts 7) 
and electrode stream (in electrode conq)artmeiit5 8). Due to the high electrical resistance of 
the starting conc^itrate and electrode streams Aese compartments should preferably provide 
electrical ccmtinuity^ by ion tranq)ortdm>ueh ion exchange xi^^ Thus, flie concentrate 
and dectrode streams are at least partially filled wift an ion exchange material, or these 
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compaitments utilize ion exchange membranes widi a sur&ce texture ibat allow fliem to be 
in coxitactwilh each olfaa: at asperities vvMeaUoiwingMdfl^^ Itis 
prefisnred ttat die efiBu^t from tie concentrating compartments in the above embodiments of 
this invention not be recycled to the concentrate compartments, or, if recycled, recycled by an 
auxiliary entrance manifold at an intermediate position in the concentrate flow paths. . 

Sudi internal reflux of dilute effluent to concentrate influent is advantageously used 
together with periodic reversal of the direction of electric current through Hit EDI stack. If 
such current reversal is continued for a substantial period (e.g., if the reversal is essaitially 
symm^c with respect to time), then it is prefeiied in accordance with tiiis invention tiiat the 
direction of flow tiirovgji the dilute and concentrating compartments also be reversed, tiie 
effluent fix)m Ifae "hew" dilute conq>artmrat then providing pure reflux to the influent to the 
"'new^ concentrating compartm^t. 

Ihe flow rate of dilute effluent to tise concentratii^ compartments in tiie above- 
described mtemal reflux mode is, of course, only a fi:actiQn of tiie efQuent coming from tiie 
diluting compartments. Nevertheless, it may be necessaxy and preferred to provide a back 
pressure for tiie dilute effluent comioig from the stacl^ such back pressure for example being 
provided by the pressure loss tbrou^ a mixed bed ion exchange ^paratus to sudi 
dilute efflux is directly connected wiAout repiessurization. 

Ihe conc^trate effluent may, for example, be reclaimed at least in part by Reverse 
Osmosis, Nanofiltmtion, Evaporation or anotiier stage of ED. 

in order to make ultrapure water by ED^ it is necessary to remove the higjUy icmized 
electrolytes sudi as NaCl, CaS04, etc., as well as tiie weakly ionized electrolytes such as 
CQ2, NH3, Si02, and H3BO3. Such weakly ionized electrolytes are only substantialty 
removed after almost all of the strongly dissociated ions (Na+, C1-, Ca++, S04-, etc.) have 
been removed. Effid^t removal oftiie weak dectrolytes is obtained (generally) at veiy low 
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local curr^t effidencies, ^ere almost all of Ae cuirent passing through the exchange 
memfaranes is canied by OH- and H+ respective^. If tiie concentrate stream is at a 
substantial^ neutral pH and not filled with an ion ^cdumge matadal, ihea tiie weakly ionized 
electrolytes, sudi as silica, after transport tfarou^ the anion exchange membrane, become 
substantialt)r non-ionized in the bulk of tie brine stream. The cation ^dxange membiane> 
aUhough mainly preventing transport of &e negatively charged strong ions bade to the 
dihiting stream, is unable to prevent the diffiidon of low molecular wdg^ neutral species 
such as CO2, SiOj, and H3BO3 back to the dilute stream. The anion exchange membrane, 
ahfaou^ prev^itistg transport of the positivdy diarged strong ions back to the diluting 
stream, is unable to prevent tiie difiusion of low moleodar wdght neutral species such as 
tfih and amines back to the dilute stream. 

Ihe concentrate stream may have a very low conductivity, sudi that it represents 
more tiian half of the electrical resistance of the EDI stack. In such a case it may be desirable 
to fill tte concentrate stream vnA an ion exchange material. The ion exchange material in 
the concentrate stream may have cation exchange material next to the cation exchange 
mraabrane and anion exchange material next to the anion membrane. U.S. Patent No. 
4,033,850, vMdx is incorporated herein by reference, discloses such an arrangement of ion 
exchange material, but only for tiie diluting con4)artments of an electrodialysis device. The 
cation exchange material juxtaposed to tiie caticm exchange membrane may be integral with 
(e.g., texture Ibereon) or not int^ral wrtb such membrane (e.g., as beads, rods, screen, etc.). 
. Similarfy, die anion exchange matmal juxtaposed to the anion exdiange membrane may also 
be integral with sudi membrane or not integral y/iSx sack mmibrane, independent^ of which 
arrangement is used with the cation exchange membrane. That is, one membrane msy have 
exchange material which is integral with the membrane vMe the other membrane has 
exchange material which is not integral. Further, dflier or both membranes may for example 
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be textured and in additioa have non-integral exchange niaterial of the same charge sign 
juxtaposed. If botii membranes are textured, the membranes in places be h direct 
contact wSk eadi o4ier with ib& open regions between fte texture sur&ce projections 
providing fluid flow patfis. In any of the above examples, it will be understood that flow of 
solution through the cotK^entrating compartment must not be severely impeded. 

In EDI spacers there is some maldistribution of flow tibroug^ the ion exchange 
material due to the intersection of the sidewalls and the material. Because a three- 
dimensional ion exchange bead can not partially penetrate die sidewalls, the packing 
arrangem^t of ion exchange material near the sidewalls is not as unifonn as the arrangemoit 
ioi the bulk of the material zimy from fte sidewalls, and ttis steric hindrance allows more 
flow next to die sidewalls. Hie slipstream that thus develops next to a sidewall has bofli a 
greater diffiision distance to, and less residence time in contact with, the ion exchange 
material; and, as a result; along the diluting compartm^t spaper has fewer ions removed. 
This Upstream therefore carries a greater load of contaminants to die outlet end of the 
diluting compartment spacer where die slipstream mixes with the bulk of the spacer flow 
diereby decreasing the purity of the product 

la accordance widi anodier ^nbodiment of the present invention, however, it has 
been found diat Hois effect can be minimized by adding mechanical static mixers to the 
sidewalls of the spacers at intervals along die spacer lengdi. These static mixers help to mix 
the slipstream flowing along die sidewalls with the bulk of the flow dierel^ providing 
increased contact time to improve die removal of die contaminants by the ion exdiange 
material Tlius, addition of the static mixers as provided herein has been found to further 
improve product quality. An armgement of suitable static mixers along the spacer sidewalls 
of an EDI cell in accordance with this invention is illustrated in Fig. 3. 
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Gas bubbles tr^yped in Ifae ion exdiange material or fdimed by outgassiog of the 

water also cause flow maldistribution and fteiebydeci^^ Bubbles 

generated at the electrodes can also be trapped in the ion exchange material and grow large 

enoi^ to cause poor curent distribution in the EDI stack. All of these bubbles are difficult 

to remove by buoyancy or flow eflfects due to tiie small size of the ion exchange materials 

and the sur&ce tension (c^^illaiy efi^) attoidant with fliis size range which tends to hold 

tiiem in place. 

In accordance witfi yet another embodiment of the present inv^on, gas penneable 
(e.g., non-porous and/or hydrophobic miofoporous) r^ons and/or elem^ts, such as hollow 
fibers or oflier geometries, are incorporated into the EDI spacm to provide a means for the 
gases in Ihe bubbles to permeate through die r^ons and/or into the lumens of the hollow 
fibers and escape from die stack without loss of aiq^ liquid. An EDI cell including an 
man^ment of hydrophobic microporous hollow fibers in accordance widi this invention is 
illustrated in Fig. 4. Also ilhistrated in Fig. 4 is the embodiment ofproviding an EDI cdl 
with EDI spacers having hydrophobic, microporous regions. 

BR3EP DESCRIPTION OF THE DRAWINGS 

Figure 1 A is a schematic cross sectional view of a "^late and fi^e" type EDI stack in 
accordance with this invention showing feed inlet 1 and common manifold 3 from which the 
product ouflet 2 emerges. The figure also depicts anode oudet 5, ca&ode outlet 6, 
concentrate compartm^ts 7, electrode compartm^ 8, and diluting compartm^ts 9. 

Figure IB is a schematic top view of the EDI stack of Figure 1 A i^owing feed inlet 
11, common inanifold 13, product outlet 12, concentrate stream ouflet 14, and anode stream 
outlet IS. Figure IB also depicts Hxe ^proximate direction of the diluting stream flow 16, 
concentrate streams flow 17, and electrode streams flow 18. Ihe dotted lines between the 
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vanous manifolds represent possible spacer shapes defining fluid flow patiis between tiie 
fiuang waOs of adjacent spacers for die ftree different stream ^es, Le., diluting, 
conc^stiatii^ and electrode. 

Figure 2 A shows a schematic cross sectional view of an ahemative spiral EDI stack or 
module configuratioQ in accordance widi 4iis invention widi feed inlet 21» the product outlet 
22, the coQceotiatB stream oudet 23, fte dilutii^ streams 24, tiie conc^trate streams 25, Ibe 
center electrode 26 (wfaidi, in a prefmed case as shown, comprises an anode), and an 
^Oerior conducting (e.g., metal) container 27 whidi acts as the opposite electrode. 

Figune 2B is a schematic lefi ^d view of the complete (unsectioned) spiral EDI stack 
of Figure 2A diowing 4ie same entities (widi Ibe same numbers). 

Figure 3 is a schematic plan view of a fllled-cell (EDI) spacer in accordance with diis 
invention showing spac^ frame 31, fined in fhe caiter widi ion exchange material 32, and 
haviqg miAiide scre^ mixers 33 along sidewalls 35. 

Figure 4 is a schematic plan view of a fiUed-cdl (EDI) spacer in accordance with diis 
invention showing spacer fiame 41, fiOed in the c^ter wifli ion exchange material 42, and 
having microporous hydrophobic elements 43, and/or iQrdrophobic microporous regions 44. 

Figure 5A is a sdiematic plan view of one embodim^ of a textured-surface 
mmbrane in accordance with this mvention showing the raised texture on one sur&ce only. 
Altiipugh not shown, it will be understood diat membranes textured on both surfaces may be 
fiibricated and used in accordance widi this inventioa Figure 5B is a schematic side view of 
the textured-sur&ce membrane of Fig. SA. 

Figure 6 is a schematic plan view of still another type of textured-surfece membrane 
in accordance witih this invention, diis membrane having a smaller t^ctured pattern, such 
pattern having increased sur&ce area and greater turbulence promotion effects. 
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Figure 7 is a schematic plan view of still another type of textured-surface membrane 
in accordance mAfliis invention^ fliis membrane having Itwillbe 
undeistDod tfiat vAm ifae next a^ac^ membrane (not shown), having tiie stripes in an 
opposite orientation, is coupled wifli Ae membrane diown in Figure 7, tiie resulting EDI cell 
would pr()duce a sdf supporting flow path witiiout need for a spac^. Such a crossed stripe 
pattern provides tmbulence promotion, 4iorouig^y mixing fluid as flie latter travels across 
along such flow path. 

Figure SA is a schematic plan view and Figure SB is die corresponding cross sectional 
view of styi anodier m^brane in accordance wtdi ttis invoiticm, wherein the membrane 
comprises 3-dimensional pleats or folds in a flow pafli area. The entire bocty of ttie 
membrane ^own in Figs. 8 A and 8B forms a pattern. 

Figure 9A is a sdiematic plan view and Figure 9B is the corresponding side view of 
yet anoflier membrane in accordance widi Ms invention, i^ierem fte membrane conqirises 3- 
dim^isionai waves in a flow padi area. 

Figure 10 is a schematic cross sectional axial view of a preferred countercunent 
concentiate stream spiral EDI stack configuration in accordance with fliis invention. The 
center '^ipe" or tubular element 104 acts also as a first electrode (anode or cathode) and is 
internally divided by divider wall 107 to provide on a first side of wall 107 a manifi)ld for 
feed inlet 101 ^d on a second side of wall 107 a conc^trate outlet 105. The product outlet 
108 is not sealed to the manbranes and allows product flow to bypa^^ and feed the 
concentrate stream. Exterior shell 106 acts as the opposite electrode. 

Figure 1 1 is a sdiematic cross sectional axial view of another preferred countercurrent 
concraitrate stream spiral stack configuration in accordance with fliis inventioa The center 
"^pe" or tubular diement 1 14 is sealed to icm exchange membranes 1 12 and 1 13, and acts as 
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an electrode (anode or caAode), a product ovAet manifoH and a brine feed inlet The 
conceatratB oudet manifold 1 16 is hydnudicaOyr sealed to tiie edge of 4ie oppositeiy charged 
ion^cfaangemfflnbrane 112 and Ihe exterior ^11 lis. Feed inlet manifold 111 is sealed to 
the edge of the ion exdiange membrane 1 13 and the exterior shell 1 15. The exterior sheU 
lis also acts as the opposite electrode. 

Figure 1 2 is a schematic cross sectional axial view of still another preferred 
cduntercurroat concentrate stream spiral stack configuration in accordance with Ms 
invention. Cmtsr '^ipe'' or tubular element 124 acts as an electrode (anode or cathode) but is 
not bydraulicalty sealed to the ion ^change membranes^ hereby allowing product flow to 
feed 4ie concentrate stream. Product oudejE^manifbld 126 is not faydraulically sealed to the 
membranes and bypass flow feeds the electrode and concentrate streams. Concentrate outlet 
manifold 127 is hydniulica% sealed to the edge of ion exchange membrane 122 and to 
exterior 125. Feed inlet manifold 121 is Iqrdraulicaify sealed to the edge of the 
opposite^ diarged ion exchange membrane 123 and to exterior shell 125. Exterior shell 125 
also acts as the opposite electrode. 

Figure 13 is a schematic cross sectional view illustrating details of a preferred center 
electrode and mdnifoldii^ device^ comparable to element 104 in Fig. 10, whidi is used to 
clamp and faydraulically seal flie membranes 131 and screens 132 to the center electrode 133. 
Such device consists of two arc-shaped sections of metal pipe 135 and a center wedge entity 
134. The latt&r compresses pipe sections 135 against each other with membranes or 
membranes and scre^ clamped between sudi sections. The center wedge entity 134 also 
divides the center electrode into two manifolds and may faydraubcally seal one manifold 
compartment from the other. Center wedge entity 134 consists of two or more pieces 
arranged sudi that forcing die pieces in opposite axial directions along the axis causes the 
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assembly to increase in size perpendicular to such axis^ thus providing Ae clamping force 
needed. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

One embodiment of the pres^ invention, as shown in Figs. 1 A and IB, uses the 
final product of die EDI stack to feed the concmtrate stream and the electrode streams in a 
single pass. The preferred direction to flow flie concentrate streams (in cmc^trating 
compartments 7) and electrode streams (in electrode compartments 8) is in a direction 
substantiaUy opposite to the direction of flow of the diiutixiig str 
compartments 9). In this single pass mboduneixt, ^ploying an initialfyMgh 
substantial^ counterfiow concentrate stream minimizes back diffusion and electromigratton 
of contaminants into die product The membranes located close to the product outlet are not 
exposed to contaminants so tiiat tiiese membranes contain very little contamination, with the 
beneficial result tiiat dectrodiatysis and/or difGision of contaminants from ftese membranes 
into the product is efEectivefy diminated. Due to the low conductivity of fte product, the 
concentrate and electrode streams are preferably provided with electrical continuity by using 
ion conductive material in the respective conqsartment at least near file oiitrances thereto. 
This ion exchange material majr be in tfie form of beads, granules, fibers, rods, screens, doth, 
felt, fabrics, surface texturing of the membranes themselves, as herein described, etc. Hie ion 
exchange material preferably contacts both membranes which bound the concmitrate 
compartm^t and forms a continuous contact route between these membranes at least near 
such ^trances. In Ae electrode compartment, fte ion exchange material preferably contacts 
the electrode and the membrane which bound the dectrode compartment and fonns a 
continuous contact route between fiiem. Altemativdy tiie electrodes may be in intimate 
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contact whfa, or integral wiA^ ib& adjacent membxanes. The EDI stack as shown in Figs. 1 A 
and IB contain an even or odd numb^ of cells. 

Hie following Example iDustrates tbe efEectiy^ess of a sing^le-pass EDI unit as 
illustrated in Figs. 1 A and IB. 

Example 

Hie effectiveness of an EDI apparatus using a sipgle-pass substantia^ counter- 
cun^ concaitrate stream flow as Aown in Figs. lA and IB (Unit A) was evaluated relative 
to a conventional EDI apparatus (Control) having substantially co-current recirculating 
concoitratB stream flow. Both EDI stacks were assembled using the same types and numbers 
of membranes, spacers; and ion exchange resins. Table 1 below ^ows the remaribble 
improvement in performance demonstrated by Ifae ^paratus of the present inv^tion (Unit A) 
relative to the Control unit for a brine stream in which the concentration of CO2 is rcMvefy 

TABLE 1 





Control 


Unit A 


Feed Conductivity (microS/an) 


20 


37 


FeedCC)2(ppb) 


300 


23,610 


BmsC02(ppia) 


310 


411 


FeedSinca(ppb) 


500 


1,064 


Residence Time (sec.) 


40 


40 


Current (Amps) 


1.5 


Q.82 


Product Resistance (Mohm-cm) 


10.4 


17.88 



As shown in Table 1 the product quality of the single pass revme brine stack. Unit A, 
is maintained even at high conc^trations of carbon dioxide in the brine stream. The single 
pass reverse brine stack is not strongly affected by the back difiKision of carbon dioxide from 
the brine stream, because any back diffiision occurs at a point &r upstream from the &ad of 
the dilute flow path, and thus can be absorbed by the ion exchange material. 
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The ion exdumge material in the conc^trate flow path may be amphoteric, cadoniQ, 
amomc, a mixture of cationic and anionic materials, or l^eis or oflier geometric 
anang^neots of cationic and aoionic materials, hi a preferred embodiment of the present 
invention, a material in Hxe concentrate compartment consists of anion exchange material 
next to the anion exchange membiaoe and cation exchange material next to the cation 
change membrane witfi 4ie two types of ion exdiange materials being m contact with each 
oiber near tiie center of the compartment The ion ^change material in the dectrode stream 
flow pab may be amphoteric, cationic, anionic, a mixture of cationic and anionic materials, 
or %ei5 or otter geometric arrangem^ts of cationic and anionic materials hi a preferred 
embodiment of the present inv^on, a material in Ifae electrode stream compartment consists 
of cation exchange material Some of tiie cells may be bounded by ion exchange membranes 
of the same diaige, resulting in what may^ be termed "Neutral" cells or compartments. In one 
of fliese neutral compartmesxts, ions pass throi^ the compartment without diangmg tibe total 
concentration of ionized or ionizable species. The ion exchange material m the flow path of 
these neutral cells m^ be amphoteric, cationic, anionic, a nnxture of cationic and anionic 
materials, or layers or otiier geometric arrangements of cationic and anionic materials. 

hi ordea- to achieve a lower electrical resistance flirough Ifae icai exdiange material 
packiog in the compartments, the ion exchange material may be shrunk using aqueous 
solutions of either electrofytes, or water miscible organics such as glycerin, propylene glycol, 
sugais,etc., or partial drying before it is used to fill the EDI unit When electrolytes are 
used, it may be i»)rffflable to use electrolytes (which are well knownm the art) vMch 
ino^ase die amount ofshrinkageofflie ion exchange material Afierihe dmxnken ion 
exchange material has been introduced to the EDI unit, washing it with water will expand it, 
resultii^ in a greater compressive force inside a packed compartment, and thereby resulting 
in essential^ squishing the beads or particles of ion exchange material to obtain agreater 
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area of contact between the ion exdiange materials themselves as well as with tiie ion 
exchange membranes and tiie electrodes. QneoftiieelectrofytestfaatmeQrbeusedintbis 
process step is a diloride salt, fii order to avoid fiie gmeration of chlorine in the anode 
compartment, and the possible oxidation of fte ion exchange materials contained in said 
anode compartment, during the initial startup of tbe stack, one prefened embodiment of this 
aspect of die pres^ invention uses non-chloride containijDg salts. 

E^ihanced compressive force m non-polarized regions increases tiie contact area 
between &e ion exchange material and die ion exchange membranes. This effect is 
bai^cial becaise as ike contact area increases the electrical resistance decreases, lliis 
increased contact area thus improves the transport ofi(»is to the ion exdiange^^ and 
helps prev^t die undesirable effect of polarization of the membranes before polarization of 
die ion exchange fill material. If the anion membrane polarizes before die ion exchange 
mat^al polarizes, bydro^Qrl ions transported through die membrane cause a localized hi^ 
pH in die concentrating streanoL Caldum ions transported through die cation membrane ni^ 
enter this high pH area and precipitate, thus forming scale. 

hi a prefened embodiment of the preset invention, die stack is built with the ion 
exchange materials in their iiiUy regenerated fonnSw Tliis preferred embodiment minimizes 
die diffusion of sahs from die membrane areas between die sotid areas of the spacer frame, 
which am outside of the active electric field, to die product manifold. 

Another embodiment of die present invention uses screens or cloths consisting of 
polynsfflc material that hashes ion exdiange functional EDI 
ceOs filled widi beads, particulate or fine fiber ion exchange packing can be used only widi 
clean, particulate-fi^e streams. Hiese filled cells typically exhibit high hydraulic resistance, 
trans-bed pressure gradients, and pumping power losses. Conventional EDIR also has die 
potraitial disadvantage of a slow approadi to equih1>rium after cunent reversal due to die 
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relatively high ion storage capacity present in ion ^changd materials iiinctionalized 
duoughout tiieir entire structure. bstead^byfunctionaliTingontyalhtnlayeronlheout^ 
sur&ce of a pofymeric material, sudi as polypropylme, polyediylene, etc., the approach to 
equilibrium after revasal is significanfly fester. Using such material in flie form of a woven 
cloth type screen, or an extruded monofilament screen (such as Vexar), or perforated, 
corrugated screen or expanded plastic sciean results in a much lower hydraulic pressure drop, 
enabling longer flow padis and reduced pumpmg power. 

With all or most types of DC material there will be a discontinuity in the density of the 
pacId^g array idiere die array ends at a boundaty,sudi as a spacer wall Duetothis 
. discontinuity, a sHpstream flow can develop sdongsudbiwaU wUdiinay be 
flow tbroug}! Ae bulk portion of the array. This slipstream flow has less residence time in the 
spacer and less contact with the ion exchange material In the diluting compartm^ where 
contaminants are being removed fiom water, diis means that the slipstream will have a hi^er 
c(mcentration of contaminants, and tiierefore a lower electrical resistance than the bulk flow 
through the bulk portion of the array. The nmdng of slipstream flow with bulk product flow 
at the spacer outlet will fterefore increase the total amount of the contaminants in die total 
product flow and decrease the electrical resistance of such total product flow. To ameliorate 
this slipstream efifect, in anodier entbodimaxt of the present invention static mixers are added 
along the lengfli of tiie spacer wall as shown in Figure 3. These static mixers may be placed 
at mt&rvals or att&oaliyely may fill tbe entire open area of the spacer. It has been found that 
the effect of such mixm is to mix slipstream flow witii the bulk of die diluting stream flow 
so tiiat the former will have more contact time witii the ion exchange mat^d and ther^y 
have more contaminants removed. 

Sucb static mixers may coom^ of scre^ such as those made by Vexar, In&, or 
woven screens, or prorated, corrugated or expanded screens* The static mixers may be 
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made of pofye%lene, po^ropylene, or any insoluble inateiial, and are preferably attached 
to tiie spacer wall. In anoflier variation, such screens may also be made at least in part of ion 
exdiaoge materials. The screens may protrude at intervals into fte bulk ion exdiange 
material or m^ extend across the entire spacer area to provide mixing of the slipstream with 
the bulk flow. In a preferred embodiment of Ifais aspect of the present invention, the screens 
are recessed into dbe spac^ wall and divert the flow to be mixed into fte scre^ space inlfae 
walL 

Hie spacing of the screen strands may be between 0.01 indies (.254 mm) and 1 .0 
indies (25.4 mm), preferably between 0.0625 inches (1.59 mm) and 0.5 indies (12.7 mm), 
and most preferably between 0.1 indies (2.54 mm) and 0.25 indies(6.35 nun). Hie optimum 
thickness of tilie screens and the spacing of tbe static mixers along the spacer walls are 
dependent in part on the dim^ions and geometry of the ion exchange material. For ion 
exdiai^ beads or granules wilfa a mean diameter of about 0.5 nun, Hxe screen fliickness 
mig^t advantageously be between 0.001 mm and 10 mm. If the screen extends throughout 
die entire spacer, its strands should be.ftin enou^ and spaced &r enough apart as to not 
significant^ interfere with the contacts between tiie ion exdiange materials unless at least the 
sur&ces of the screens are made of an ion exdiange material 

Gas bubbles can be trapped in the ion a^change materials, be generated at the 
electrodes, or be formed by ou^assing of the aqueous stream. Small gas bubbles trapped 
between beads of ion exchange material can cause significant variation in hydraulic 
penneabilify and flow in the EDI spacers. These small bubbles may grow to a size at which 
th^ can result in poor current distribution and, in the extreme case, cause membrane burning 
or electrode failure. U.S. Patent No. 5,558,753, ^ch is incorporated herein by referaice, 
discloses means for gas rmoval in the concentrating stream recycle loop. 
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Gas bubbles may also be trapped in diluting stream, conc^trating stream or electrode 
stream compartmaits of an EDI stadc In accordance vnSi still ano&er aspect of the pres^ 
inv^tion, it has been found fhat gas-pemieable materials can be used to allow trapped gases 
to permeate out of such EDI compartments. Such gas-permeable materials may be 
hydrophobic and microporous so that the gases permeate through the pores of the material, or 
tiiqr m^ be nonporous (e.g., silicone robber) so Hist Ihe gases diffuse ftrougji tiie body of 
tiie material. If the material is hydrophobic and microporous, tiie pores must be of small 
enough effective diamet^ so that sui&ce tension prevents penetration of liquid into the pores 
at the operating pressures offl» EDI apparatus resulting in the loss of hquid. hi one 
embodiment of &is aspect of fte present invention, these materials may be incorporated into 
the EDI spacers in the form of gas-permeable regions, hollow fibers and/or other geometries 
as shown in Figure 4. These gas-permeable materials may be supported by other materials on 
die ^de of Ihe gas-permeable matmal oppodte the side facing the aqueous stream 

Another preferred embodiment of tiie present invention provides Hxe EDI unit m the 
form of a spiral-woimd element with the product outlet feeding the inlet of a singje-pass 
conc^trate stream as generally ^own in Figs. 2, 10, II, 12, and 13. In contrast to US. 
Patmt No. 5,376,253, vidiidi discloses a configuration v/hesrem fliere is a tight seal separating 
die dilute and concentrate streams, in 4us ^bodiment of the present invention, the dilute 
effluent and conc^trate influent streams share a common manifold. Thus, in &e spiral- 
wound con&garaAon of ins invention, the diluting stream may optionally be fed to either tiie 
anode compartm^ or tiie catiiode compartment before passing tiuougji tiie diluting stream 
compartment FurAt^inore, a portion optionally may exit as product just prior to tiie 
electrode compartment or afier pasang tiirough the opposite electrode compartment The 
spiral-wound element of the present invention may consist of a sin^J e pair of membranes 
(cation exchange and anion excfaai^e) wound togetfa^ (as illustraled in the Figures), or it 
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conast of two pairs or multiple pairs (a configuration vAnch is readily und^fstood but 
not ^0^ in die Figures), in eiflier case, the spiral winding defines a (virtual) cen^ 
about ^di ibe membranes are wound to create 4ie appearance of a spiral (vAm viewed 
endwise). The flow of liquid flxrough the concentrating compartment(s) may be inward 
toward the virtual axis or alternatively flow inay be outward away from such axis. In 
accordance wilh Ibis embodim^t of Ifae present invention, the flow of liquid through Ibe 
diluting oompartmen[t(s) is then respective^ outward or, altematrvely, inward. In still 
another variation using the spiral configuration, the flow of liquid through the concentrating 
compartment(s) may instead be graieralfy ^'paralld" to fte virtual axis (ag., in a direction 
from left to ri^t) and, ahemaliveiy ""anti-paraller (which is defined herein as being ibe 
opposite of the "parallel" direction, in this example from right to left) with the corresponding 
flow through die diluting compartment(s) being counteicurrent, i.e., respectively "^anti- 
parallel" and, alternatively, parallel" In ofter words, in this embodiment flow may be 
gai^ally parallel to the virtual axis in a first direction and, alternatively, general^ parallel to 
the virtual axis in a second, opposite direction 

In any of the above cases, the electric current Arough the spiral may be reversed 
thereby resulting in tbe ''old" concentrating compartm^ts becoming "^ew^ diluting 
compartments, and, respectively, lbQ '"old" dihiting compartments becoming '^ew^ 
concentratmg compartments. After sudi current reversal, tbe direction of flow through the 
compartments is reversed in accordance with this embodiment of die invention, with the 
"^ew" diluting compartments providing counter-flow ofpure" eflStuent to the "^eV 
concentrating compartments. 

Hie preferred current to s^ply to the EDI imit configured and operated in accordance 
with this invention may be determined by plotting the following equation: 
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RjBod vsI/q(Cia-Cort) 

yfbQze Kpnd is Ihe electrical resistance of the product of the diluting cells, 
I is fte current ^ptied to 4ie the EDI unit, 
q is die volumetric flow rate to flie diluting cells, 

Cin is the conc^alion of ionized or ionizable species in the solution fed per diluting 
cdl in equivalents per unit voltune, and 

Coot is tiie concentration of ionized or ionizable species in tiie solution exiting per 
diluting cell in equivalents p^ unit volume. 

Th^ plot of fliis data will have an inflection point . The preferred cunrat to apply to 
the EDI unit should be ^ cuirent above this inflection point Rprod , I, Cis, and Coot be 
expressed in any compatible units, as the object of interest is the inflection point . 
Furthermore, it should be noted that a line fitted to data points below the inflection point has 
one slope, whereas a line fitted to data points above the inflection point has a second, 
different slope. The inflection point corresponds to die point on Ae data plot at whidi the 
absolute value of the second derivative (d^ B^nd/d Q/qiCbr Coat))^) is a maximma Tbis 
means that if a r^ression formula is used to fit the data to the plot, it must be such that the 
second derivative is stiU a variable of I/q(Cm- Coot ). Mtematively, instead of plotting Rpnd 
vs I/q(Cin -CoaO> one can plot any of the following data correlations to determine Hie 
inflection point: 

Rprod vs i/q(Cm -Cooi) 

Bpwd VSi/q(Cm"Cont) 

Rpmd VS i(RaiR|n>d)/q(Rpn>il - Rin) 

Rpod VS (RbRfiDdyq Vp(R|^ * B«) 
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where ]^ is the electrical resistance of the feed to the diluting compartments^ i is &e average 
current daisily, Cia is 4ie conductivityr of &e feed to fte diluting compartments, and Cont is the 
ccmdudivily of ifae eflSueot from 4ie diluting compartmaits. It will be clear to one skilled in 
the art diat it is preferable to select from the above alternative data correlations one which 
produces a sharp diange in slope near the inflection point Furlfaer it will be understood that 
side of any of die above correlations can be multiplied or divided by a constant without 
altering the inflection point value. Ihe multiplication or division constant need not be the 
same for eadi side of a correlation as the impact will be understood to expand or shrink one^ 
or the other, or hoUi axes, hi addition, a constant may be added or subtracted fiom dflier 
side; which wiU shift the grapUcal location of the inflection poititwfdia^ For 
example^ this means that in an actual plot of the data^ die axes may be individually expanded 
or contracted or of&et if that makes it easier or more conveni^t for determining die 
inflection point The correlation data can be manipulated in odier ways well knovm in the art 
ifdesared 

Anodier aspect of die present invention is a mediod of automaticaUy controffing die 
current sent dirough die EDI unit according to die ionic load being fed to the unit It is 
desirable fiom an effideacy standpoint to send more current durough die unit at hi^er ionic 
loads, and less cunent as die ionic load decreases. The automatic control is achieved, 
according to diis aspect of the present invention by monitoring the EDI feed stream by means 
of an associated conductivity cell^eter and using the (preferably temperature- corrected) 
ou^iut of die conductivhy meter to automatically ac^ust die amount of current sent to die EDI 
unit This embodim^ dierefore minimizes the average power consumption and inqproves 
the overall unit peilbrmance. 

Efficient capture of silica and boric acid fi^om aqueous solutions using electrodialysis 
typically requiies large amounts of anion resin in the reg^eratedferm. It has besd found 
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that tiie presence of carbonate in a diluting stream sigoificantty reduces the amount of anion 
resin available, and dierefoie tiie efficiency of silica and boric acid capture is greatly reduced 
by ttie presence of caibonafe. The curr^ effid^cy of removing all but Ibe first portion of 
carbonate is very poor because the bulk of the resin is ften in die OK^ form, and the mobility 
of QHT^ is about 3 times higgler ftan caibonate for a spedfic lesia Whea anion resin is in tiie 
50% caibonate and 50% hydroxide form, it takes 8 dectrons to remove one CO2 molecule, 
that is 6 to move OHT^, and 2 to move the COs'^ When anion resin is in the 20% carbonate 
and 80% hydroxide form, it takes 26 dectrons to remove one carbonate with 24 of these 
"^vasted" on moving Off ^ COz however can be veiy efQciently removed as bicarbonate 
usiqg only one electron per CO2 if ttie resin is not hi^bly polarized. (Despite the HCOs'^ 
having only about 20 percent of fte mobiUty of 0K\ fhere are virtually no OH" ^ ioiis present 
if HCQs'^ is present in significant concentrations.) 

Operating flie stack witii fbe current automatically controlled on a real time basis 
relative to flie ionic load, according to this aspect of the present invendon will result in flie 
COz removal occurring primarily as bicarbonate vfiA correspondingly greater efficiency, in 
essential^ tie same location in die stack While minimizing the average power consiunption, 
this mode of operation leaves a maximum amount of fte stack's anion resin in the desirable 
Oir*fomL 

This phenomenon can be best understood by an example: If flie current is constant, 
and fte anion load is doubled for a brief time, CO2 would be captured and removed from the 
reanmudicloserto the stadc outlet ^d. At tiiehigji anion load, tiieCOiMll be effidentfy 
removed as bicarbonate, but the siUca removal capability of "be stack will be sevmly 
compromised by the reduction in the hydroxide form of the resin available to capture silica. 
Moreover, this pmblem can be exacerbated by the fact that there can be a very significant 
transient rdease of silica into the product water because the caibonate, and tiien bicarbonate 
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bolfa displace Ifae silicate that was present in the anion resin. Even after the hig^ anion load 
transient is completed, Ifae situafion does not improve. The saturated resin quickly 
polarizes, and ifae effici^cy of dectrical removal of the resulting carbonate plunges rapidly. 
Hius, it takes a very long time mib lots of current before the efBcient capture of silica can be 
reestablished in Ifais system. Ascanbeseenbye?ltapoktingthisexatDple,ccntin^ 
fluctuation in ifae current efiScienqr of operation of tiie stack will result in poor silica removal 
that is nearty as bad as if it were operated contiimousl/ at the lowest instantaneous current 
efficioicy. 

It has now been found in accordance wifli another embodiment of the present invealion that a 
feedback loop fiom ttie feed conductivily (or conducttvily, flow and alkalinily) and/or stack 
electrical impedance to control cunmt, can greatiy improve system performance. Such 
electdc current control may be advantageously effected by incorporatmg segmented 
electrode in &e electrodialysis stack. Eifter or botii electrodes may be segmented permitting 
the current (density) at various regions in the flow paths of the dilute compartments to be fine 
tuned in accordance witii the ionic load to such conq)artm^ts. These segmented electrodes 
can also be used to detennme the impedance at various regions along ihe lengdi of the flow 
paths. This impedance information can be used to determine tiierektive state of tib^ 
exchange niatenals (ie., Mfy regenerated ion exchange materials have a lower resistance 
than those in a salt form) and to automaticalfy adjust Ifae current dirough specific segments to 
jQne tune file current (density) to individual segments in accordance with the ionic load. 

Furdi^more, tiie nature (type) of flie anion exchange resin, v4xefher as material non- 
integral with the anion exchange membranes or, at least in part integral witfi such 
membranes, may be varied along the flow patfa fiy way of illustration, m order of decreasing 
basici^, die common anion exdiange moieties may be arrar^d approximately as follows: 
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(1) 





~CHb— CH-y y-CKb— N— CKj 



"l^pe r, poly(I^vinyl bemyl'N^^^-trimeilql ammonium) 
(2) 

— CHz— CH— ^ j ^CHr-N— CHi— CHi- Clfc— OH 

Oft 



•Type nr, pofy(N-vinyl bai2yl-N-(3-hydro)9 piopy])-N^-dimetiqi ammoohim) 
(3) 

iff 

— at— CH— C—N—OTf-Ofe— CKb— ISI— CHb 

"Aciylic quatemaiy", poty(^-aciylamidoprop^)'N^^-trimeti]yl ammonium) 
(4) 
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"Type IT, pofy(N-vicQi bemyI-N-(2-hydro}^y elhyl)-N,N-dinieffliyl ammomum) 
(5) 

0 H 

I II I 
— CH2— CH~ C— N— CHf— Clfe-CHz— N 

*Weak base", poly (N-aaylamido propyl^HN-dimefliyi amine. 

The latter anion exchange resin (formula 5 above) appears to be the most basic of the 
so-caDed weak base anion exchange resins. M its fiee base form, it is sufficient^ basic to 
form a salt with CO2 (apparently absorbed primarily as HCOa"^ and not COs"^) . It is not, 
however, sufSdesrdy basic to form a salt witfi silica 

At the isppet end of the above scale, lype I anion exchange C^AX^ resins (formula 1 
above) and their equivalents in the hydroxide form axe very strong bases, very able to absorb 
silica and boric add and, as noted above, absorbing CO2 primarily as C0{^ and not HCOi^). 

The internal pK ^ (the n^ative logariAmi of die base dissodation constant) is reported 
in the literature for the above resins. It has been found ttat the ratio of tiie firaction of 
electrical current carried by absorbed free and combined carbon dioxide to the fraction of 
current earned by hydroxide ions is greatest for the weak base resin at the bottom of flie 
above list (formula 5) and smallest for the veiy stronig base resin at Ifae top of the list (formula 
I). It is advantageous, therefore, according to this embodiment of this invention to use resins 
from the lower part of the above list (e.g., formulas 4 and 5 or their substantial equivalents) to 
localize and control r^oval of fiee and combined caibon dioxide in a region of the flow 
paths of the dilute compartments in the vicinity of tte flow entrances thereto, and to use 
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resins firom the upper part of Ifae above list (e.g., formulas 1, 2 and 3 or &eir substantial 
equival^) to locali^ and control removal of silica and/or boric add in a region of &e flow 
paltas of 4ie dilute compartments in flie vicinity of Ae flow edts therefrom. 

Althoi^ file above listed Type II resin and weak base resin are frequently regarded 
as 'intennediate base" resins, such tennis usually reserved for anion exdbange resins 
deliberate^ containing quaternary ammonium groiq)s and non-quatenuuy amine groups. 
Sudi resins may be manufrtctured as such or prepared by controlled degradation of 
appropriate quatemazy ammonium resins. The wide variety of such resins makes it difiBcult 
to indude It&n in fte above list relative to tiie listed resins» but one skilled in the art can 
easily determine the usefidness of any specific intemiediate base or odier resin for the present 
embodhnent of tbis inventioa 

In particular, ED or EDR benefits from an uneven texture or a raised resm on the 
sur&ce of ion exdiange m^branes because such a sur&ce of proper geometry creates a 
more turbulent flow across the m^brane surface and thus reduces file formation of stagnant 
ion-depleted regions near the membrane sur&ce, in addition to creating more surface area, as 
can clearly be seen in Figs. 5, 6» 7, 8 and 9. The formation of stagnant, ion-depleted regions 
near file membrane sur&ce leads to a phenomenon termed ^ccmcentratiGn polarization," 
vi/tadk adverse^ affects the performance of ED and EDR systems. The textured or raised 
sur&ce membranes of this embodiment of this invsition may be used in any electrodialysis 
compartmesit where fiie process benefits from an increase in turbulent flow across the 
m^brane and/or increased membrane smfece area, vMdx sut&ce area includes diannels 
between the membranes or betwe^ a m^brane and an electrode. 

The ion exchange membranes according to this embodimsit of the present invention 
are advantageously patterned so that sey&al Isy&s are produced. For example, m one 
preferred form, a flow pafii is produced at csie depfii and a textured surface is produced 
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between &e flow paths. On the perimeter of the membranes^ 1he sur&ces are advantageously 
Iowa: to allow for a nonconductive or conductive frame betweoi Ihe edg^ of the membrane 
and 4ie next acyacent membrane. Intius ws^anED^EDS^EDIRorEDIstackcanbe 
constructed widiout using separate '"spacers" to produce the flow path betwe^ membranes 
for Ihe Uquid to be treated. 

The novel membranes of this aspect of Ifae invention m^ also be used in a non- 
electrical system appKcations "v^ere ion exchange, ion capture, or neutralization takes place 
between ions in fluid and solid ion exchange media having a hig^ sur&ce area. Such 
m^briane applicaticHis indude but are not limited to use as a deminerahzer, a wat^ 
softemng media, pH adjusting media, and metal selective or ion selective media (nitrate 
selective or monovalent ion selective). 

hi accordance widi this aspect of the presait invention, an uneven texture or a raised 
resin is imparted to the surface of ion exchange membranes, thereby creating a significantly 
greater sur&ce area for use in EDI, BDIR, ED, EDR or oflier electrically driven processes 
ftat use ion exchange membranes and would benefit from having a non-flat surfiice as 
illustrated in Figs. 5, 6, 7, 8 and 9. Tliese textured or raised sur&ce membranes can be 
fabricated using standard membrane formulations for ion exchange membranes. Hiese 
membranes can also be febricated as charge^lective (monovalent ion selective) membranes 
or species-selective membranes, such as heavy metal-selective, nitrate-selective or sodium- 
selective membranes. 

A particularly advantageous use for the raised sur&ce membranes described herein is 
in EDI applications in place of ion exchange resins that are usually placed between two 
membranes or between membranes and electrodes. Any section of an EDI stack where an ion 
exchai^e resin positioned next to the same charge ion exdhange membrane is preseiitly used 
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advantageously be replaced with a laised sur&ce membrane according to this inventioji 
Also, such membranes may be used in way electrodia^ras compartment ftat b^efits fiom an 
increase in turbulent flow aaoss the membrane and/or fiom increased membrane sur&ce 
area, i.e., through chaimels between membranes or between membranes and electrodes. 

Such sur&ce textured membranes isaay also advantageous be used in an EDI stack to 
improve the contact area between ion exdhange materials in filled cells and the surface of the 
membrane. As previously discussed, such increased contact area decreases the cell electrical 
resistance and improves the transport of ions &om Ibe ion exchange fill^ material to fiie ion 
exchange membranes. 

One textured surface membrane embodiment of the present invention is illustrated in 
Figs. 5 A and 5B, ixdiere a membrane is shown witti a textured surface on only one side of the 
membrane sheet so fiiat it can be placed against the smoodi surfikce of the next membrane, or 
against an ion exchange material used to produce a filled cell In a first case, the textured 
surface of the membrane provides a flow path means for hquid to flow between die 
membranes wifliout 4ie need for a spacer or screen, which would normally be used to provide 
a hydraulic flow paO. M a second case, ^ textured sui&ce of die membrane will also 
provide a greater contact area between the ion exchange fiU^ material and die membrane. 

In an attemative embodiment, a membrane is provided with a textured surface on both 
sides. In one case, in conjunction wilb a textured surfiice of an adjacent membrane, a flow 
padi is provided for liquid passage between the membranes without the need for a spacer or 
screai, yMdt would normally be used to provide the hydraulic flow path. In anodier case, 
the textured surfitces of two membranes bound a filled cell containing an ion exchange 
material and provide a greater contact area between the ion exchange material and the 
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membranes, la stiU aaofh^ alternative ejnbodimea^ eveiy other membrane in a stack may be 
textured on bofli sides, and the interveomg membranes are not textured on eiber side. 

In ofter pieferred embodimeaits of Hm aspect of the invention, for example as sho^ 
in Figs. 6 and 7, raised sur&ce membranes may be &bricated so as to provide a defined flow 
pa& in die membrane siiifiice on one or bodi sides of die membrane. This flow padi may be 
of any desired shape, and may have smooth walls and bottom, or shapes may be made in the 
flow path to promote turfoul^ce, or a greater contact with an ion exchange material &at may 
be used to fin the flow path. 

Textured or raised sur&ce membranes in accordance wifiitiiis aspect of fte invaition 
may advantageous be f^ricated in various ways. O^e method involves the use of a 
patterned sur&ce release layer to impart the desired texture to ftem The 
pattern on 4ie release layer can be produced in many ways, such as molding, embossing, 
vacuum fonning, etc. The lelease layer m^ be reusable or disposable depending on the cost 
and durability of the release 1^^^ material. 

Anotiier such mettiod uses a patterned screen or other patt^nmg 1{^^ outside of the 
release layer to form the t^turedsmftce on the membrane. Tlie release l^er in this case 
must be pliable enough to allow membrane monomer to comply with the pattern under 
sufficient pressiffe to fi:>rm the textured sur&ce on the membrane. 
The above-described mefliods may be used to fabricate membranes that are substantial^ flat 
but have a textured sur&ce. hi ofiier embodimoits of this aspect of the invention, the entire 
membrane m^ be molded or otherwise formed as a fliree dimensional shape. The edges of 
file membrane may be made flat for sealing purposes while the flow pafii areas of the 
membrane mi^ be molded as a convoluted eggcrate, pleats, waves, bunq)s and valleys, etc. 
Figures 8 and 9 show some possible feirns tiiat fitese ^es of membranes ms^ take^ Figure 
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8 depicts an accordion-pleated membrane, mth greatly exaggerated (iimenginm to the pleats 
for illustradw purposes. Hie pleats should range fiom about 0.010 indies to about 0.S 
inches. Sinulady Figure 9 dq;)icts a wave*patteni membrane. Bofli pleated and wave-^e 
patterns m^ be placed at angles ranging from about 1 0 degrees to about 80 degrees, 
preferably about 45 degrees, relative to tiie direction of the fluid flow. By placing the next 
membrane adjacent widi the pleats or waves running in the opposite direction 
ia contact with the pleats or waves of the first n^mbrane, a flow palfa is thereby formed for 
the fluid between the membranes tiiat provides significant turbulence promotioa 

The membranes used in accordance with this aspect of the present invention may be 
reacted firom Ae monomeric species to Ihe substantially fulfy pofymerized form, with the 
pattern-creating niediod in place during substantially tiie entire time. Alternative^, the 
membrane m^ be partial^ polymerized to produce ^diat is commonly known in the art as a 
*^repreg" mat^ial, vdiich can then be imprinted with a preferred pattern and thereafter 
substantially fl%pofymerized. A membrane having sudi aforesaid shapes or textures m^ 
be molded or formed usmg vacuum or pressurecombined widi heat from ion exchange resin 
mixed with a po^enc binder. Hus type of membrane is known in the art as a 
"heterogeneous membrane". 

ft is wdB known in the ED art that polarity reversal aUows removal of materials ^ 
are difficult to transport through a membrane, including large ions and organic material, from 
fte dilute stream wAt then subsequent release into the brine stream on the reverse cycle. 
This cleanmg action greatfy enhances the sys^operatiiig time between ISD/EDl 
stacks ftat utilize fte 'Reverse farine^ ccmcept in accordance with fliis invention are inh^renti^ 
better suited for polarity and flow reversal than conventional ED/EDI stacks that use a 
recirculating brine stream. In the standard ED/EDI stacks utilizing a recirculating brine 
stream, Ae ion exchange materials in the concentrating compartments are substantially in the 
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salt form. the DC electrical polarity is ii^eise^ 

compartmaits to become 4te dilutmg compartmoits, some of the salt is lost into the product 
stream until fte doTvnstream portion of die ion ^ccfaange materials becomes substantially 
regenerated by the hydrogen and faydn»^ ions goierated by water splitting. During the time 
required for this regaieration to occur, the reastivity of ^e product is substantially lower 
(becapuse of increased ion ccmtent) than during normal operation, so that this portion of 
product wat^ must be discarded or reqrcled. If ftis water portion were blended into the 
normal product, it would produce an overall lower resistivity and lower quality product 

By ctmtrast^ m Ifae reverse brine stacks according to the present invetition, tiie part of 
the ion exchange materials near the feed inlets to tilie diluting compartm^^ . 
the outlets of ttie concentrating compartments, aie mostiy in tiie salt form; and, the part of the 
ion exchange materials nearer to the oudetofthe diluting compartment, andthatnearertothe 
inlet of tiie concentrating compartm^ are mostly in the reg^erated form. Thus, yibm the 
DC electrical polarity is reversed (and tiie concoitrating compartments become die diluting 
compartmextts, and the flows are reversed in direction in both types of compartments), the 
resistivity of die product water is maintained at substantially the same level as during normal 
opeiatioQ. This represents a substantial improvement over conventional ED/E^^ 
This polarity rev^sal can take place firequentty, sudi as several times per hour or less 
frequentiy such as daily or ev^ every few months. This reversal can be accomplished 
aiziomaticaDy or manually by means of q)propriale valves, or can be accomplished by manual 
'^lumtnng'' of fte systems. Chemical rdease agents including salts, adds, bases, and/or 
nonionic detergents be added to the brine stream. Jn a preferred embodiment an 
additional inlet means may be provided at a point in the brine stream downstream of the brine 
mlet means fi>r the introduction of aforesaid diemical release agents. 
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In accordance wA another aspect of lius invention described herein, an uneven 
membrane texture or raised resin shsqpes are imparted to one or both sur&ces of ion exdbiange 
membranes, creating a significandy greater smface area ibr use in EDJ^ ED, EDR or other 
electrically driven processes, v/bidx use ion exchange membranes and benefit from having a 
non-fUit surface, as weU as for use in standard ion exchange processes The raised sur&ce 
m^branes are used in EDI together with, or in place o^ ion exchange resins diat are usualfy 
placed between two membranes or between membranes and electrodes. Assy section of an 
EDI stack where an ion exchange resin next to 4ie same-charge ion exchange membrane is 
present]^, used can be advantageously replaced with a tortured or raised sur&ce membrane. 
Also, diese types of membranes may be advantageous^ used in any electrodialysis 
compartment 4iat benefits fipom an increase in turbulent flow across the membrane and/or 
ino^ased membrane sur&ce area or tfarou^ tiie channels between membranes and 
electrode These suiface textured membranes are also advantageously used in an EDI stack 
to improve the contact area between ion exchange materials in die filled cells and the 
membrane. Increased ccmtact area decreases cell electrical resistance and improves the 
transport of ions from the ion exchange filler material to the ion exdiange membranes. 

It will be apparent to those skilled in the art ttat other changes and modifications may 
be made in the above-described apparatus, processes and methods without departing from the 
scope of the invention hoein, and it is intended that all matter contained in die above 
description shall be interpreted in an iDustratiye and not a limrtiiig saise. 

What is claimed is: 



SUBSTITUTE SHEET (RULE 26) 



wo 02/14224 PCT/USOl/25226 
CLAIMS 

1. i^eledrodialysisaiH'aratus comprising a stack iaclu<^ 
con4>artm^t, at least a concentrating compartment, at least an electrode compartment, at 
least an electrode pair, and inlets and outlets for flo^ving liquids to or &om the stack, said 
stadc further compii^g one or more subsystems selected from the group consisting of 

a) a manifold system within said stack enabling effluent from dilutipg compartments in said 
stack to flow at least in part ftrough concentrating compartments in said stack in a flow 
direction tiiat is substantially oppoate to the flow direction in said dilutmg compartments; 

b) a manifold systaai internal to said stack enabling e£Buent from dilutmg compartm^ts of 
said stack to flow at least in part througfh at least one electrode compartment of said stack; 

c) ccmcentrating conopartments having ion exchange material juxtaposed to a cation 
exchange membrane and ion excfaai^e material juxtaposed to an anion exchange 
membrane, said ion exchange material juxtaposed to said cation exchange membrane 
consisting substantially only of cation exchange material and said ion exchange material 
juxtq)0sed to said anion exchange membrane consisting substantialb^ only of anion 
exchange material^ fiirtfa^ wherein said ion exchange material(s) are not integral with 
3aid anion or cation exchange membranes and said ion exdiange material(s) are 
permeable to bulk flow of liquid through said concentratmg compartments; 

d) at least a mixing dement at or in at least one edge of at least one flow pafli in a 
concentrating compartment ^acer for diverting flow at said edge away from said edge; 

e) at least a mixing element at or in at least one edge of at least one flow path in a dilutmg 
compaitmCTt spacer for diverting flow at said edge away from said edge; 
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f) intennembrane spacers includii^ tfa^in one or more gas-penneable elements enabling 
gases in flow paOs in said spacers to escape from said flow pactfas, said gas-penneable 
elements not enabling liquid substantially to escape from said flow path; 

g) concentrating compartments having flow paths including at least a screen element having 
a sur&ce region, said scre^ dement compnsng an ion-exchange-fimctionalized region 
substantial!^ odfy in said surfiice region; 

h) diluting compartments having flow paAs including at least a screen element h^^ 
sur&ce region, said screen element comprising an ion-exchange^functionalized region 
substantially only in said sur&ce region; 

i) an electric cunentregulsding system for optimizi^ 

dependmcy of Rpiod on flie quantity ]/q(Qn - Coot), where Rprod is a measure of the 
electrical resistance of product of diluting compartments in said stack, I is a measure of 
electrical curr^ applied to said stadc, q is a measure of flow rate to the diluting 
compartments, is a measure of ionized and/or ionizable species per unit volume in 
liquid fed to said dOuting compartm^ts, Coat is a measure of ionized and/or ionizable 
species per unit volume in liquid effluent from said dihiting compartments^ using a 
determination of any substantial inflection in such dependency, and a stack-operating 
control system for operating said stack at one or more values of il/q(cni- wfaidi result 
in values of Rprod greater flian tiie value of R^od at said inflection; 
j) m electac cunent control i^ystem for maintaining predetermined removal of silica and/or 
boric acid in diluting compartments of said stack, said current control system including a 
measurement system for detennining ionic load fed to said diluting compartments and a 
control mechanism responsive to said ionic load controlling said electrical current at 
levels elective to maintain sudi pred^rmined removal; 
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k) diluting compartmeats conq)nsjng at least one ni^brane having a sin&ce texture fsuing 
at least part of at least one flow path in at least some of said diluting conq[)artments» said 
suifiu» texture effecting sabstantia% increased sur&ce area of 
to a similariy configured membrane not having surface texture; 

1) concaitrating compartments comprising at least one membrane having a sur&ce texture 
&dng at least part of at least one flow path in at least some of said compartm^ts, said 
surfece texture effecting substantially increased surface area of said membrane compared 
to a similarly configured membrane not having surface texture; 

m) difaning conqiartmenis comprising at least one membrane having a surface texture fadng 
at least part of at least one flow padd in at least some of said diluting compartm^ts, said 
sur&ce texture effecting substantial c<nttact mUx the adjacent membrane, said adjac^t 
membrane having or not having not having surface texture; 

n) concentrating compartments conqirising at least one membrane having a sur£i^ 
&mg at least part of at least one flow paA in at least some of said concentrating 
compartments, said sur&ce texture effecting substantial contact witfi the adjacent 
membrane, said adjac^t membrane having or not having not having sur&ce texture; 

o) an electric curr^t conirol system for maintaining removal of free and combined carbon 
dioxide in predetermined iegi(ms in dfluting compartm^ of said stack including a 
measurement system for determining ionic load fed to said diluting compartments and a 
control mechamsm responsive to said ionic load controlling said electrical current at 
levels effective to maintain such removal in such predetermined regions. 

2. An electrodiatysis ^paratus according to Claim 1 fiirther comprismg one or 
more cation exchange membranes and one or more anion exchange membranes wound 
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together in spixal foim, together foiming one or more spiral diluting compartm^ and one or 
more spiral conceatratiDg compartments. 



3. An electrodialysis apparatus according to Claim 2 further comprising liquid 
entrance and liquid exits arranged to effect flow of liquid in said one or mote spiral diluting 
cosnpaxtDsents inwardly in a spiral or attematively outward m a spiral 

4. An eiectrodia^is apparatus according to Claim 2, wherein said one or more 
sjHral diluting conq)artm^ts define a central axis, said stack also having one or more liquid 
entrances and exits arranged to efiEsct flow of liquid in said one or inoie spiral dilutn^ 
compaitm^ in a direction parallel to said central axis. 

5. An electrodialysis apparatus according to Claim 2, wherein said one or more 
spixal concentiatuig compartments define a central axis, said stack also havmg one or more 
fiquid entrances and exits arranged to effect flow of liquid in said one or more spiral 
concentrating compartments inwardly in a spiral or alternatively outwardly in a spiral 

6. An electrodialysis apparatus according to Claim 2, wherein said 0^^ 

spiral conc^itiating compartments define a central axis, said stack also having one or more 
liquid ^itranoes and exits arrange to effect flow of liquid in said one or more spiral 
Goncemrating con^artments in a direction paralld to said central axis. 

7. An electrodia^^ apparatus according to Claim 1 iurther comprising an 
electric current switdi mechanism for reversing the direction of electric current directed 
flirou^ said stack. 



SUBSTITUTE SHEET (RULE 26) 



wo 02/14224 



PCTAJSOl/25226 



8. ^ An electrodiafysis^p^]^ accordingly 

flow control mechanism for reversing flow direction in diluting compartments and 
ccmcentratiiig compartments of the stack 

9. An electrodial^ s^paratus according to Claim 1 &r(her v^rein said 
diluting compartments comprise ion exchange material juxtaposed to a cation exchange 
membrane and ion exchange materia! juxtaposed to an anion exchange membrane, at least 
said ion exdiai^e material juxtaposed to said anion exdiange membrane comprising anion 
exduo^e matmal, said anion exchange material in regions adjacent to compartment 
eotrances to said compartments being eflfective to remove free and combined (available) 
caibon dioxide from liquid entering said compartments piimarify as bicarbonate vibm sudi 
combined caibon dioxide is substantially only bicarbonate. 

10. An electrodiafysis apparatus according to Claim 9 wherein said anion 
exchange material in regions adjacent to said compartment ^trances is not integral with said 
anion exiimsd membiana 

11. An electrodialysis apparatus according to Claim 9 wherein said anion 
exx^saDge material in regions adjacent to said compartment entrance is at least in part integral 
with said anion exchange membrane. 

12. An electrodialysis apparatus according to Claim 1 wherein said electric current 
control sysHsm for maintaining pred^imined ranoval of silica and/or boric add in said 
diluting compartments also comprises at least one segnbented dectrode and a control 
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